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Abstract 15 
Children are particularly susceptible to air pollution and schools are examples of urban 16 
microenvironments that can account for a large portion of children’s exposure to airborne 17 
particles. Thus this paper aimed to determine the sources of primary airborne particles that 18 
children are exposed to at school by analyzing selected organic molecular markers at 11 19 
urban schools in Brisbane, Australia. Positive matrix factorization analysis identified four 20 
sources at the schools: vehicle emissions, biomass burning, meat cooking and plant wax 21 
emissions accounting for 45%, 29%, 16% and 7%, of the organic carbon respectively. 22 
Biomass burning peaked in winter due to prescribed burning of bushland around Brisbane.  23 
Overall, the results indicated that both local (traffic) and regional (biomass burning) sources 24 
of primary organic aerosols influence the levels of ambient particles that children are 25 
exposed at the schools. These results have implications for potential control strategies for 26 
mitigating exposure at schools. 27 
Capsule 28 
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The identification of the most important sources of primary organic aerosols at urban schools 29 
has implications for control strategies for mitigating children’s exposure at schools. 30 
Keywords 31 
Positive Matrix Factorization, Sources, Primary organic aerosols, Exposure, Schools 32 
1.0 Introduction 33 
Organic aerosols are frequently the largest component of ambient fine particles in urban 34 
atmospheres (Jimenez et al., 2009). These aerosols are a complex mixture of around 105 35 
and 106 compounds (Goldstein and Galbally, 2007) from a number of primary and secondary 36 
sources, where sources that directly emit particles into the atmosphere can be referred to as 37 
primary sources. Whereas secondary sources refer to particles formed by reactions in the 38 
atmosphere of gaseous species in the atmosphere, such as the photo-oxidation of volatile 39 
organic compounds (Seinfeld and Pandis, 2006). In an urban environment primary sources 40 
of particles can include vehicle emissions, biomass burning (from both domestic and natural 41 
sources), coal combustion, cooking, plant abrasion and paved road dust (see e.g. (Qadir et 42 
al., 2013; Schnelle-Kreis et al., 2007; Shrivastava et al., 2007)). For these primary sources 43 
there are a number of organic markers that are known to be characteristic of a specific 44 
emission source and crucially also have a long lifetime in the atmosphere to enable 45 
detection at monitoring stations (Cass, 1998). Examples of some of the more specific 46 
organic markers include levoglucosan for biomass burning (Robinson et al., 2006a) and 47 
cholesterol for meat cooking (Kleeman et al., 2008). Hopanes are present in fossil fuels, and 48 
the different hopanoid compounds are specific to the different types of fossil fuels such as 49 
coal, petroleum and lubricating oil ((Schnelle-Kreis et al., 2005) and references therein)). 50 
Thus these organic compounds along with others can be used as molecular markers for 51 
identifying the contributing sources of primary organics to ambient particles.  52 
A quantitative assessment of the contribution of emission sources is available using positive 53 
matrix factorization (PMF), which has been successfully applied previously to organic 54 
molecular datasets (Qadir et al., 2013; Schnelle-Kreis et al., 2007; Shrivastava et al., 2007). 55 
Assessing the contribution of primary sources is important as there are numerous 56 
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detrimental health effects associated with exposure to airborne particles (Heal et al., 2012; 57 
Rückerl et al., 2011). In particular, children have been shown to be more susceptible to the 58 
health effects associated with exposure to airborne particles (Rückerl et al., 2011), and 59 
several studies have linked exposure to vehicle emissions to increased risks of developing 60 
asthma and wheezing (Gehring et al., 2010; Ryan et al., 2009). Children spend a large 61 
portion of their day at school. Consequently schools represent a location accounting for a 62 
significant fraction of their overall daily exposure. Schools are also unique urban 63 
environments that are influenced not only by local and regional sources but also by school-64 
related activities such as drop-off/pick-up traffic, which may result in increased exposure to 65 
vehicle emissions. However, there is limited information on children’s exposure to vehicle 66 
emissions and other sources in the literature (Mejía et al., 2011).  67 
Considering the aforementioned gaps in knowledge, the present study aimed to determine 68 
the primary sources of the ambient fine particulate matter present at urban schools by 69 
quantifying the levels of selected organic molecular markers. PMF, a receptor model 70 
(Paatero and Tapper, 1994), was applied in order to quantitatively determine the 71 
contributions of these sources to levels of ambient particles at the schools. This enabled the 72 
driving factors to the levels of different primary sources to be investigated and we 73 
hypothesized that vehicle emissions will be the main primary source contributing to 74 
children’s exposure at school and this is reflected in the schools’ selection criteria, outlined in 75 
the next section.  76 
2.0 Method 77 
2.1 Sampling sites 78 
The 11 schools selected for this study, which will be referred to as S15 to S25, are in 79 
different suburbs in the city of Brisbane, Australia. A map depicting the schools location in 80 
Brisbane is given in Figure S1, Supporting Information. This chemical sampling was a part of 81 
a larger campaign to study the effect of ultrafine particle from traffic emissions on children’s 82 
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health, known as UPTECH (www.ilaqh.qut.edu.au/Misc/UPTECH%20Home.htm). In this 83 
study 25 schools participated but only at the last 11 schools were filters collected for this 84 
analysis due to instrument availability. The sampling campaign for the current paper was 85 
conducted from November 2011 till August 2012.  86 
The schools that were chosen were not near any other large source of air pollution, other 87 
than road traffic and were also not close to any large infrastructure projects. A site close to 88 
the middle of the school which gave the best overall representation was chosen to conduct 89 
the measurements and sampling at each school. Inlets for the sampling were placed on the 90 
top of a trailer, which served to house all of the instruments at the site including an automatic 91 
weather station (Monitor Sensors). Data from nearby weather stations was also obtained 92 
from the Bureau of Meteorology (BOM) and Queensland Department of Science, Information 93 
Technology, Innovation and the Arts (DSITIA) as some of the schools would have been 94 
affected by local winds due to schools buildings. Sampling inlets were approximately 3m off 95 
the ground. Traffic counts were taken on the busiest road next to the school, referred to as 96 
the main road throughout. In the traffic count, vehicles that were classified as light were cars, 97 
motorbikes and scooters. Trucks with 2, 3 and 4 axels were classified as medium vehicle 98 
and long articulated trucks classified as heavy vehicles. 99 
2.2 Sampling methodology 100 
The particle size fraction was selected using a low-volume PM2.5 cyclone and the required 101 
flow rate for the cyclone was maintained using critical orifices. The particles were collected in 102 
polycarbonate filter holders on 47 mm, Quartz fiber filters (Whatman) which was pre-treated 103 
at 500°C for 1 hour prior to use. The sampling period was from 08:00 until 08:00 the next 104 
day, Monday to Friday for one week to give a total of four samples at each school. This 105 
sampling regime typically gave sampling volumes of 6 m3. After sampling each filter was 106 
placed in a Petri dish and covered in aluminum foil. The samples were then sealed in a 107 
ziplock bag and frozen until analysis. The flow rate for the cyclones was checked at the 108 
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beginning of each sample and always set to within 0.1 liters per minute of the desired flow 109 
rate. Field blanks were collected at each school and all results were field-blank corrected. 110 
2.3 Chemical analysis  111 
The organic composition of the samples was analyzed using In-situ Derivatization Thermal 112 
Desorption (IDTD) followed by Gas Chromatography Time-Of-Flight Mass Spectrometry 113 
(GC-TOF-MS) (Orasche et al., 2011; Schnelle-Kreis et al., 2011) at the Joint Mass 114 
Spectrometry Centre, Helmholtz Zentrum München, Neuherberg, Germany. In brief, filter 115 
punches were placed in an injection liner and spiked with internal standards (isotope labeled 116 
reference compounds) and 10 µl derivatizing agent N-Methyl-N-trimethylsilyl-117 
trifluoroacetamide (MSTFA). The method allows derivatization using MSTFA reagent of the 118 
polar organic fraction of filter samples in-situ on the filter during thermal desorption. 119 
Derivatization and desorption of polar organic compounds (e.g. levoglucosan and 120 
cholesterol) occurs directly from particulate matter on the filters. Therefore, polar and non-121 
polar compounds are analyzed in one step. An automated sampling robot exchanged the 122 
complete GC liners placed in the injector which is automatically closed and opened by a liner 123 
exchanging unit (Linex, Atas GL, Netherlands). During thermal desorption (16 min, 300 °C) 124 
MSTFA enriched carrier gas was passed through the liner. Desorbed and derivatized 125 
molecules were focused at 70 °C on the head of a nearly non-polar capillary column, BPX5, 126 
25 m, 0.22 mm ID, 0.25 µm film (SGE, Australia) which was installed in an Agilent 6890 gas 127 
chromatograph (Agilent, USA). After the isothermal run at 70 °C, the temperature was 128 
increased to 130 °C within one minute. Then the rate was lowered to 8 °C min-1 until a 129 
temperature of 330 °C was reached followed by an isothermal time of 30 min. The detection 130 
of compounds was carried out on a Pegasus III TOFMS (LECO, USA). The data acquisition 131 
frequency was 25 spectra per second within a mass-to-charge range of 35 to 500. The 132 
detection limits for the targeted compounds can be found in Tables S1 and S2 (Supporting 133 
Information).  134 
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Details of the elemental carbon (EC) and organic carbon (OC) analysis can be found in 135 
Crilley (2013). Briefly, PM2.5 samples were collected concurrently at the same location at 136 
each school and were analysed according to the IMPROVE method on a thermal/optical 137 
transmittance carbon analyser (Sunset Laboratories) (Chow et al., 2001). 138 
2.4 Data analysis 139 
Positive Matrix Factorization (PMF) was performed in this study using the EPA PMF v3.0, 140 
developed by the U.S EPA (US-EPA, 2008). A total of 21 organic compounds were used in 141 
the initial analysis and these included n-alkanes from C20-33, four hopanes, cholesterol, 142 
dehydroabietic acid and its methylester, levoglucosan, mannosan, EC and the OC fraction. 143 
Missing values in a certain school site were replaced with the geometric mean at the same 144 
site and the uncertainty was set to four times the geometric mean for those values. As about 145 
80% of n-alkanes between C18 and C21 are typically in the gas phase, therefore these 146 
compounds were excluded from the PMF analysis. Species with more than 50% of data 147 
below the limit of quantification (LOQ) were also excluded from the inputs. Therefore, some 148 
alkanes (C20, C21, C26, C28, C32 and C33), dehydroabietic acid and its methylester, and 149 
mannosan were excluded from the PMF analyses. In other few cases the values were 150 
replaced with half of the LOQ and the uncertainties set to 5/6 of the LOQ. For the other data, 151 
the uncertainties are set according to the following equation: 152 
 u = [(error fraction × concentration)2 + (LOQ)2]0.5       (1) 153 
where error fraction is the percentage of uncertainty, LOQ is the limit of quantification. 154 
Overall error fractions were estimated from sampling and analytical errors. Species with low 155 
signal to noise ratio (S/R<2), were assigned as weak. One hundred bootstrap runs were 156 
performed to assess the uncertainty of the factor loadings and profiles. Changing the Fpeak 157 
value did not improve the source profiles or Q value and so base model results (Fpeak=0) 158 
are reported. The PMF solutions are discussed in Section 3.3.  159 
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The other data analysis technique employed was one way ANOVA used to compare the 160 
concentrations between the seasons and this was performed using SPSS v19.  161 
3.0 Results and discussion 162 
3.1 General school characteristics 163 
The sampling was conducted over almost a full year and covered both winter and summer, 164 
as reflected in the meteorological conditions described in Table 1. Brisbane is a subtropical 165 
city with the mean temperatures ranging from 14 to 25°C (Table 1). October till April is 166 
warmer with higher humidity and this period is referred to as summer. May till September is 167 
cooler with typically more stable weather and it is referred to as the winter months. A range 168 
of traffic conditions were also observed at the schools (Table 2).  Some of the schools were 169 
on busy arterial roads (S19, S20) while others were in residential areas with low traffic 170 
counts (S16, S18, S21). There were also schools alongside roads that service 171 
commercial/light industrial areas (S23, S25) and such schools recorded a higher proportion 172 
of heavy and medium vehicles (Table 2). Based on the organic compounds detected and 173 
their relative abundance, the major contributing sources of primary organic aerosols were 174 
determined at the schools and discussed in the next sections.  175 
Table 1 and 2 176 
3.2	Detected	organic	compounds	at	the	schools	177 
A number of particulate organic compounds were detected at the schools as summarized in 178 
Table 3, which demonstrates that the organic species and their concentrations varied from 179 
school to school. Of the analysed species, the most abundant organic compound was 180 
generally levoglucosan, which was detected at all of the schools except for S16 (Table 3). Of 181 
the other anhydrous sugars targeted, mannosan and galactosan were detected only at 182 
schools sampled in winter, at S21-5 and S22, S24-5, respectively (Table 3). The most 183 
abundant resin acids detected were dehydroabietic acid (DHAA) and dehydroabietic acid 184 
methyl ester (DHAA-ME), and these compounds were observed only at the schools sampled 185 
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in summer (Table 3). Cholesterol, a known tracer molecule for meat cooking emissions, was 186 
observed at the schools (Table 3) (Kleeman et al., 2008), indicates that cooking was a 187 
source. The most abundant hopanes were 17(H),21(H)-30-norhopane (29ab) and 188 
17(H),21(H)-hopane (30ab) at all of the schools. In addition, 17(H),21(H)-22S-189 
homohopane (31abS) and 17(H),21(H)-22R-homohopane (31abR) were detected at S18-190 
25 in appreciable quantities. The n-alkanes analyzed were octadecane (C18) to 191 
hexatriacontane (C36) and their concentrations and distributions varied across the schools. 192 
The average values for each alkane at the schools are given in Table S2 (Supporting 193 
Information), with the sum of n-alkanes summarized in Table 3. Throughout this paper, the 194 
n-alkanes are referred to as Cn, where n indicates the number of carbon atoms. For 195 
example, pentacosane is referred to as C25. All abbreviations are listed in Table S2. The 196 
range of n-alkanes detected at the schools indicated that fossil fuel combustion was another 197 
significant source at the schools, which is investigated further in the next section.  198 
Table 3 199 
3.3	Sources	of	primary	PM2.5	based	on	the	detected	organic	compounds	200 
3.3.1 n-alkane concentrations and distribution 201 
 The concentration of the targeted n-alkanes is presented in Figure 1, averaged for schools 202 
sampled during summer and winter. Vehicles emit alkanes in the range of C19-32 (Rogge et 203 
al., 1993a). The majority of the detected alkanes were observed in this range, suggesting 204 
that this was the main source of alkanes at the schools. Another possible source which has 205 
an overlapping alkane distributions are plant waxes, which are associated with alkanes 206 
greater than C27 (Cass, 1998). From Table S2 and Figure 1 alkanes within this range were 207 
also detected, indicating that this was another potential source at all schools. From Figure 1, 208 
the schools sampled in summer had a higher abundance of alkanes and a higher 209 
association with vehicle emissions than plant wax emissions. This was probably because the 210 
schools sampled in summer recorded higher traffic flows (e.g. S15, S19 and S20). At the 211 
schools sampled in winter there was a higher abundance of plant wax alkanes (C>27) 212 
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compared to the schools sampled in summer (Figure 1). Plant waxes alkanes can come 213 
from either abrasion of vegetation detritus and incomplete biomass burning (Cass, 1998; 214 
Pietrogrande et al., 2011; Simoneit, 2002). In Brisbane, most trees are evergreen and winter 215 
is the driest time of year, increasing the likelihood of emissions from leaf abrasion. In 216 
addition, the practice of prescribed burning of bush land, described in more detail in Section 217 
3.3.3, would also explain the higher abundance of alkanes from plant wax during winter.  218 
Figure 1 219 
Further differentiation between vehicle emissions and biogenic sources is possible by 220 
determining the Cmax, which refers to the most abundant alkane at each school, from the 221 
data in Table 3. Diesel and gasoline vehicle emissions have a different Cmax, at C20 and C23-5, 222 
respectively while plant wax emissions typically have a Cmax above C27 (Cass, 1998; Rogge 223 
et al., 1993a; Schnelle-Kreis et al., 2011; Schnelle-Kreis et al., 2005). At the schools 224 
sampled in summer the Cmax was similar to that expected for gasoline vehicles (C23-5) 225 
whereas at schools sampled in the winter, the Cmax was within the range for plant waxes 226 
(C>27). The exception was S23, which had a Cmax of 24 and this indicates that vehicle 227 
emissions were the most likely major contributing source of n-alkanes at this school. Carbon 228 
preference index (CPI) value, which is defined as the ratio of the sum concentration of odd- 229 
to even-carbon numbered n-alkanes, has been widely used to distinguish between sources 230 
of n-alkanes (Brown et al., 2002). Vehicle emissions are expected to have a ratio around 1 231 
whereas plant waxes are expected to have a ratio >2 (Schnelle-Kreis et al., 2007). In Table 232 
3, the schools with a CPI around 1 were S18, S19, S20, S22 and S23, which were generally 233 
the schools beside comparatively higher trafficked roads. However, the CPI at S15-17 would 234 
suggest an influence from plant waxes in addition to that from vehicle emissions. Thus, from 235 
the n-alkanes it was difficult to distinguish between the contributions of sources, though it is 236 
clear that the two main sources were likely to be vehicle emissions and plant waxes. Further 237 
investigations of the influence of vehicle emissions were possible by analyzing the 238 
concentrations and distributions of the hopanes.  239 
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3.3.2 Hopane concentrations and distribution 240 
Generally, the same hopanes distribution was found at all of the schools and the average 241 
concentration for each hopane is presented in Figure 2. The homohopane isomerization 242 
index (HHI, defined as 31abS/31abS+31abR) is about 0.1-0.4 for coal burning and 0.6 for 243 
mineral oil emission sources, such as vehicles (Oros and Simoneit, 2000; Schnelle-Kreis et 244 
al., 2011). For the schools where these homohopanes were detected, the HHI ranged from 245 
0.5 - 0.6, indicating vehicle emissions as the source. This was expected as very little coal 246 
and oil burning for domestic heating occurs in Brisbane and this may explain why the other 247 
targeted hopanes were below the detection limit of majority samples (See Figure 2). The 248 
hopane concentrations were observed to be higher at the schools sampled in summer (S15-249 
20, See Table 3 for selected hopanes) and is the reverse of what was previously observed in 250 
Europe (Schnelle-Kreis et al., 2005). This was likely to be to the lower emissions of hopanes 251 
from coal burning as well as the observed increased contribution from vehicle emissions at 252 
the schools sampled in summer. Therefore, based on the hopanes detected the main source 253 
of fossil fuel combustion at the schools was vehicle emissions.  254 
Figure 2 255 
3.3.3 Biomass burning tracers 256 
A number of biomass burning tracer compounds were detected in this study, and include the 257 
anhydrous sugars; levoglucosan, galactosan, mannosan (Qadir et al., 2013; Robinson et al., 258 
2006a; Simoneit, 2002) and the resin acids DHAA and DHAA-ME (Rogge et al., 1998). 259 
DHAA is also a constituent of vehicle tyres, indicating the presence of another possible 260 
source at the schools (Rogge et al., 1993b; Sheya, 2002). As levoglucosan was generally 261 
the most abundant compound detected at most of the schools (Table 3), it indicates that 262 
biomass burning was a significant source. Schools sampled in the summer generally had a 263 
lower concentration than the schools sampled in winter, with the averages of 27.6±22.4 and 264 
94.6±60.3 ng m-3 for summer and winter, respectively. By comparison, using the same 265 
analytical technique, the mean levoglucosan concentrations were higher in Augsburg, 266 
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Germany compared to the current study at 112±84 and 337±174 ng m-3 for summer and 267 
winter, respectively (Pietrogrande et al., 2011). The lower concentrations in the current study 268 
are likely to be due to the warmer climate in Brisbane and the resulting low levels of 269 
domestic wood burning for heating.  270 
Distinct seasonal trends were observed between the schools sampled in summer and winter 271 
in the concentrations and distributions of the biomass burning tracers. Schools sampled in 272 
winter recorded higher concentrations of levoglucosan and mannosan, compared to schools 273 
sampled in summer, whereas the schools sampled in summer had higher concentrations of 274 
DHAA (Table 3). All of these seasonal differences were statistically significant (p<0.05). The 275 
higher concentrations of the biomass burning tracers, levoglucosan and mannosan in winter 276 
is expected in Brisbane due to the influence of prescribed burning of bushland surrounding 277 
the city during the winter to reduce the risk of summer bush fires. Prescribed burning 278 
typically occurs during July-August, which was when the highest concentration of 279 
levoglucosan and mannosan were observed (Table 3). The levoglucosan detected at the 280 
schools sampled in the summer are likely to be from a different wood burning source as 281 
unlike at the schools sampled in winter (Table 3), these schools recorded concentrations of 282 
DHAA above the detection limit. DHAA is emitted only from softwood combustion 283 
(specifically pine) unlike levoglucosan that is emitted by combustion of all forms of cellulose 284 
containing materials (Pietrogrande et al., 2011; Robinson et al., 2006a; Rogge et al., 1998). 285 
This suggests that in the summer there is a different source of biomass burning, possibly 286 
related to domestic wood burning such as from barbeques, which in Brisbane predominantly 287 
use pine. In the previous section, higher contributions from vehicle emission at schools 288 
sampled in summer were observed and another possible source of DHAA is tyre wear 289 
(Rogge et al., 1993b; Sheya, 2002). Thus, traffic emissions may have been a contributing 290 
source to the observed levels of DHAA at the schools along with domestic wood burning 291 
barbeques.  292 
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3.4 Source apportionment using PMF 293 
To apportion the contributions of the different sources of primary organic aerosols identified 294 
at each school to the OC fraction, PMF was applied to the dataset. Interpretability was the 295 
key basis for judging the optimum solution to the PMF analysis.  Interpretable solutions were 296 
those that grouped source-class-specific sets of markers into distinct factors. Models that 297 
grouped markers for multiple source classes into the same factor, distributed markers for 298 
one source class across multiple factors, or contained factors with no distinctive groupings of 299 
compounds were judged less interpretable and rejected. While no molecular marker pattern 300 
can be unambiguously associated with a specific source class, this approach provides a 301 
systematic basis for sorting through the possible PMF models (Shrivastava et al., 2007). 302 
Solutions with 3-5 factors were investigated and the three factor solution was rejected as it 303 
could not separate out the cooking and biomass burning factors. The five factor solution was 304 
not used due to splitting of the vehicle emissions source factor into unrealistic factors. 305 
Therefore the four factor solution was found to best represent the data as it gave realistic 306 
source profiles related to distinct primary sources. Source profiles are given in Figure 3 and 307 
were assigned to biomass burning, cooking, vehicle and plant wax emissions based upon 308 
the high concentrations of known tracer molecules for these sources. The contributions of 309 
each identified source factors to the OC measured at each individual school are given in 310 
Figure 4 and the factors will be discussed in order of their contribution to the OC rather than 311 
factor number. 312 
Figures 3 and 4 313 
The major source, vehicle emissions (See Figure 4), was characterized by the C20-25 alkanes 314 
and the hopanes 29ab, 30ab, 31abS and 31abR. C20 and C23-5 alkanes have previously been 315 
shown to be associated with diesel and gasoline vehicle emissions (Rogge et al., 1993a).  316 
This together with the fact that the hopanes determined in Section 3.2.2 were deemed to be 317 
from fossil fuel combustion, points to vehicle emissions as the source. The HHI for this factor 318 
was 0.85 and in the range expected for vehicle emissions, further indicating vehicle 319 
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emissions as a source. This factor contributed an average of 45±30% of the OC at the 320 
schools and was therefore the main source in our study. The factor was only somewhat 321 
correlated with the traffic counts beside the schools (r2 of 0.3), probably due to the multiple 322 
variables that contribute to the observed levels of vehicle emissions at the schools (Crilley, 323 
2013). However, it was observed that with the exception of S18 (Table 2), the schools with 324 
the highest contributions from vehicle emissions (S15, S17, S19 and S20, Figure 4) 325 
recorded high traffic counts. Unlike the other schools, which were in suburban areas, S18 is 326 
in an inner-city location and this may explain the high levels for this factor 327 
The first factor was assigned to biomass burning as it was characterized by high 328 
contributions of levoglucosan, the molecular marker for biomass burning (Qadir et al., 2013; 329 
Robinson et al., 2006a; Simoneit, 2002). The OC/EC ratio for this factor was 2.8, which is 330 
lower than the ratio of OC/EC from previous study held in Australia (Keywood et al., 2011). 331 
However, this could be explained by higher contribution of EC, which is a marker for vehicle 332 
emissions (Sonntag et al., 2012), to the PMF profile. The biomass burning factor was the 333 
second largest source overall during the study, accounting for 29±23% of the OC (Figure 4). 334 
From Figure 4, the highest contributions were as expected, found during the winter (e.g. 335 
S22, S24 and S25) at an average of 48±19%, primarily due to the practice of prescribed 336 
burning of bushland surrounding Brisbane. 337 
The next source, which accounted for 16±13% of the OC was characterized by cholesterol. 338 
As cholesterol is a known tracer for meat cooking (Kleeman et al., 2008), this source was 339 
assigned to meat cooking emissions. Cooking emissions are increasingly being identified as 340 
a significant urban source (Mohr et al., 2012; Robinson et al., 2006b) and the observed high 341 
contributions may be indicative of localized emissions from school canteens. This is 342 
illustrated at S24 where the high concentrations (Figure 4) were likely due to a school 343 
barbeque event that occurred on one of the sampling days. In addition, S23 had high 344 
concentration of meat cooking emissions because it is located near a large number of 345 
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restaurants. This probably suggests that apart from the school canteen, there was an 346 
additional source at the school. 347 
High contributions of the alkanes C25, C27 and C29 – C31 characterized the last factor, which 348 
was assigned to plant waxes. Plant waxes particles can enter the atmosphere from either 349 
leaf abrasion (Rogge et al., 1993c) or incomplete biomass burning (Simoneit, 2002). Both of 350 
these source pathways were likely as the highest contributions were observed at schools 351 
(S20, S21 and S22) sampled during the driest time of the year and schools that recorded 352 
strong biomass burning influences (Figure 4). This factor accounted for 7±6% of the OC and 353 
was the smallest contributing source of primary aerosols at the schools.  354 
As the schools selected for this study were not close to any other large source of air pollution 355 
other than road traffic, the main source of primary organic aerosol was hypothesized to be 356 
vehicle emissions. This hypothesis was confirmed based upon the PMF analysis on selected 357 
tracer organic molecules (Figure 4). The lower contribution from biomass burning source to 358 
OC mass at S15-S20 (sites measured in summer, Figure 4) was due, in part, to the sampling 359 
at these schools occurring when the contributions of biomass burning from prescribed 360 
burning were at a minimum. Generally, year-round vehicle emissions were found to have a 361 
largest overall contribution to the OC mass at the schools. Previous work on PM2.5 in urban 362 
environments using an organic molecular marker approach also found that vehicle emissions 363 
rather than wood combustion were the largest primary source of PM2.5 (Green et al., 2013; 364 
Wang et al., 2012). Unlike in the current work where prescribed fires in surrounding 365 
bushland were the source of biomass burning, the wood combustion was attributed primarily 366 
to residential heating in those studies (Green et al., 2013; Wang et al., 2012).  367 
4.0 Conclusions 368 
Selected organic molecular markers were quantified in order to apportion the contributing 369 
sources of primary organic aerosols to children’s exposure of PM2.5 at urban schools, with 370 
vehicle emissions hypothesized to be the largest contributing source. Using PMF, four 371 
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source factors were identified and assigned to vehicle emissions, biomass burning, meat 372 
cooking and plant wax emissions. Vehicle emissions, which were characterized by C20-25 373 
alkanes and the observed hopanes accounted for 45±30% of the overall OC, with schools 374 
having the highest traffic counts recording higher contributions. Biomass burning recorded 375 
high contribution to the OC at an average of 29±23% and a seasonal trend that peaked in 376 
winter (48±19%) due to prescribed burning in bush land around Brisbane was also observed. 377 
For the same reasons, plant wax alkanes demonstrated a similar seasonal trend, though this 378 
source only accounted for a small fraction (7±6%) of the OC. Cooking emissions accounted 379 
for 16±13% of the OC, with a school nearby a restaurant precinct recording high 380 
contributions. Therefore, based upon the targeted organic molecular markers, vehicle 381 
emissions were the major source of organic aerosols at the schools studied, confirming the 382 
hypothesis. The second largest contribution was from a more regional source, in this case 383 
biomass burning as a result of controlled burning of bushland surrounding Brisbane to 384 
reduce the risk of summer bushfires. 385 
Controlled burning of bushland is common practice near urban areas in Australia as well as 386 
in other countries that are affected by wild bush or forest fires such as the U.S.A and 387 
Mediterranean countries. Thus the significant influence of biomass burning from both 388 
controlled and wild fires that was observed in the results from this study is potentially 389 
applicable to other urban areas in Australia and other countries. Another notable aspect of 390 
the results was the large contribution from meat cooking emissions, possibly due to activities 391 
at the schools. This result warrants further investigations to determine the full impact of meat 392 
cooking emissions at schools. Finally, although vehicle emissions were identified as a major 393 
source in this study, it is not necessarily the only major source of pollution in urban areas, as 394 
only a subset of organic compounds were analyzed in this work. Overall, the results from this 395 
study point to the influence of both local (traffic) and regional (biomass burning) sources of 396 
primary organic aerosols on the levels of ambient particles that children are exposed at 397 
schools. This has implications for potential control measures for mitigating exposure at 398 
16 | P a g e  
 
schools, as contributions from regional biomass burning events can at certain times surpass 399 
those of local traffic emissions. Therefore, while efforts to reduce the levels of primary 400 
organic aerosols could focus on reducing local traffic emissions at schools, consideration 401 
should also be given to regional biomass burning sources, particularly in locations affected 402 
by wild and controlled fires.  403 
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Table 1: Average meteorological conditions of the schools studied during the sampling week.Note that 528 
temperature and relative humidity readings were taken from the school weather station while wind 529 
speed measurements were taken from the closest BOM or DSTIA station. 530 
 S15 S16 S17 S18 S19 S20 S21 S22 S23 S24 S25 
Sampling 
Date 
Nov 
2011 
Nov 
2011 
Dec 
2012 
Mar 
2012 
Mar 
2012 
Apr 
2012 
Jun 
2012 
Jun 
2012 
Jul  
2012 
Aug 
2012 
Aug 
2012 
Temperature 
(°C) 24 25 24 22 23 20 14 14 15 15 15 
Relative 
Humidity (%) 65 75 71 71 79 63 58 66 60 40 68 
Wind Speed 
(m s-1) 4.1 1.0 0.91 1.0 3.3 0.7 0.8 0.6 0.7 3.0 3.5 
 531 
532 
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Table 2: Mean traffic conditions from the main at the schools studied over the sampling week  533 
 S15 S16 S17 S18 S19 S20 S21 S22 S23 S24 S25 
Traffic 
(Veh hr-1) 858 46 757 35 1093 1121 151 469 657 160 332 
Light 
vehicles (%) 92.1 97.8 95.3 97.9 89.9 96.2 97.4 96.8 71.1 97.1 92.0 
Medium 
vehicles (%) 5.9 1.6 3.0 2.1 3.2 2.5 2.1 2.5 28.0 2.4 6.5 
Heavy 
vehicles (%) 0.9 0.4 0.6 0.0 2.0 0.8 0.4 0.6 0.6 0.5 1.2 
 534 
535 
21 | P a g e  
 
Table 3: Average concentrations (in ng m-3) of selected hopanes and polar organic compounds along 536 
with calculated values for the alkanes at each school with average of EC and OC (in μg m-3). 537 
Abbreviations of compound names are given in parenthesis. CPI is defined as the ratio of the sum 538 
concentration of odd- to even-carbon numbered n-alkanes. Uncertainties are 1 standard deviation. 539 
<DL indicates below the detection limit.  540 
Molecule S15 S16 S17 S18 S19 S20 S21 S22 S23 S24 S25
n-alkanes 6.2 5.6 5.6 3.1 10.2 1.14 7.9 9.3 3.7 5.9 6.1 
CPI 2.8 1.8 1.7 0.7 0.8 0.8 1.5 1.2 0.9 1.6 1.9 
Cmax C25 C25 C25 C24 C26 C26 C27 C27 C24 C27 C27 
17(H),21(H)-30-
norhopane (29ab) 
1.0± 
0.7 
0.7± 
0.1 
0.8± 
0.4 
0.9± 
0.8 
1.0± 
0.7 
1.0± 
0.4 
0.03± 
0.05 
0.2± 
0.03 
0.1± 
0.06 
0.1± 
0.09 
0.2± 
0.2 
7(H),21(H)-hopane 
(30ab) 
0.9± 
0.7 
0.6± 
0.02 
0.5± 
0.2 
1.1± 
1.0 
1.0± 
0.5 
1.3± 
0.6 
0.03± 
0.05 
0.1± 
0.04 
0.2± 
0.03 
0.09±
0.07 
0.1± 
0.1 
7(H),21(H)-22S-
homohopane 
(31abS) 
<DL <DL <DL 0.5± 
0.4 
0.7± 
0.4 
0.7± 
0.4 
0.03± 
0.04 
0.07±
0.03 
0.1± 
0.03 
0.06±
0.07 
0.07±
0.06 
17(H),21(H)-22R-
homohopane 
(31abR) 
<DL <DL <DL 0.4± 
0.4 
0.5± 
0.3 
0.8± 
0.4 
0.03± 
0.04 
0.06±
0.01 
0.09±
0.03 
0.05±
0.06 
0.06±
0.06 
Cholesterol 1.9± 1.0 
0.6± 
0.2 
0.7± 
1.2 
0.6±  
0.4 
<DL 3.4± 
1.7 
4.1± 
2.4 
3.4± 
1.0 
6.9± 
3.1 
7.8± 
6.3 
5.3± 
4.4 
Dehydroabietic acid 
(DHAA) 
34.1± 
25.8 
2.7± 
3.8 
4.4± 
1.4 
<DL 4.5± 
9.1 
8.8± 
4.1 
<DL <DL <DL <DL <DL 
Dehydroabietic acid 
methylester 
(DHAAM) 
6.2± 
1.2 
6.9± 
4.6 
5.1± 
6.2 
2.9± 
1.9 
17± 
15.9 
1.4± 
1.7 
<DL <DL <DL <DL <DL 
Mannosan <DL <DL <DL <DL <DL <DL 0.1± 0.14 
3.7± 
2.3 
0.2± 
0.5 
2.7± 
1.6 
4.3± 
3.8 
Levoglucosan 44.6± 30.3 
<DL 19.2± 
18.8 
29.5± 
21.2 
12.8±
4.1 
45.7±
7.3 
48± 
17.2 
98.3± 
36.8 
86.2± 
67.5 
130± 
67.9 
98.7± 
84.1 
Elemental Carbon 
(EC) 
0.38± 
0.11 
0.53±
0.04 
0.40± 
0.37  
0.28± 
0.24 
0.48± 
0.06 
0.84± 
0.40 
0.20± 
0.10 
1.14± 
0.33 
0.67± 
0.29 
0.39± 
0.12 
0.73± 
0.13 
Organic Carbon 
(OC) 
3.03±
0.56 
2.04±
0.52 
2.07±
0.71 
1.89±
0.60 
2.43±
0.42 
2.18±
0.86 
0.62±
0.60 
2.25±
1.10 
1.81±
0.66 
3.01±
0.71 
3.51±
0.19 
 541 
  542 
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Figure 1: Average summer (n = 23) and winter (n = 20) concentrations of the measured n-544 
alkanes. Variability shown is one standard deviation of the average. 545 
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Figure 2: Average concentration of analyzed hopanes across all schools. Variability shown is 548 
one standard deviation of the average. Note the following abbreviations used not described 549 
in the text: Ts (18(H)-22,29,30-trisnorneohopane), Tm (17(H)-22,29,30-trisnorhopane), 550 
27b (17(H)-22,29,30-trisnorhopane), 30ba (17(H),21(H)-hopane), 32abS 551 
(17(H),21(H)-22S-bishomohopane) and 32abR (17(H),21(H)-22R-bishomohopane). 552 
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 554 
555 
Figure 3: Source factor profiles from the positive matrix factorization (PMF) analysis using 556 
EPA-PMF3.0 model. Bars represent mass concentration while the squares indicate the 557 
percentage contribution.  558 
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 564 
 565 
566 
Figure 4: Percentage of contributions of the PMF source factors to organic carbon (OC) 567 
mass at the 11 schools.  568 
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